background: Since spermatogonial stem cell transplantation (SSCT) and testicular tissue grafting (TTG) may have important clinical applications, the safety of these promising techniques has to be proved. This study was designed to characterize epigenetic modifications in prepubertal and adult mouse germ cells and to study these epigenetic mechanisms after SSCT and TTG. results: The expression levels of DNMT1 and DNMT3A, the DNA methylation status and most of the stage-specific histone modifications after SSCT or TTG were not different from fertile adult controls. Although, in elongated spermatids, the acetylation pattern was as expected, the stage-dependent expression of H4K5ac and H4K8ac was altered after SSCT.
Introduction
Spermatogonial stem cell transplantation (SSCT) and testicular tissue grafting (TTG) are promising techniques for fertility restoration in prepubertal boys facing stem cell loss (Brinster and Zimmermann, 1994; Van Saen et al., 2009) . In animals, healthy live offspring have been obtained after SSCT (Brinster and Avarbock, 1994) . Although these offspring displayed normal karyotypes and unmodified methylation levels in three investigated genes (Goossens et al., , 2010 , more research on the epigenetic level is certainly warranted. Furthermore, epigenetic studies on grafted tissue have not been reported so far.
Epigenetic modifications are covalent modifications present on either the DNA itself or on the histones that are closely associated with the DNA. Both modifications are important in regulating gene expression without changing the genetic code itself (Li, 2002) . It is now well understood that a disrupted or altered epigenome can cause diseases (Feinberg, 2007) . Germ cells present unique and potentially important epigenetic modifications. During spermiogenesis, histones are replaced by protamines. However, a certain fraction of histones remains present in mature spermatozoa. Regulatory genes are associated with these open nucleosomal chromatin structures. It has been suggested that histone modifications distinguish these genes and prevent their repackaging by protamines during spermiogenesis (Arpanahi et al., 2009; Hammoud et al., 2009; Brykczynska et al., 2010) . Errors in the sperm's epigenetic information may cause infertility or may be transmitted to the next generation causing congenital defects in the offspring (Carrell and Hammoud, 2010) .
DNA methylation is usually associated with gene inactivation. The enzymes catalyzing methylation are divided into two categories: 'maintenance' and de novo DNA methyltransferases. DNMT1 has a preference for hemi-methylated DNA and is critical for the maintenance of DNA methylation patterns in replicating cells. Embryos homozygous for mutations at DNMT1 show bi-allelic expression of several (but not all) imprinted genes (Li et al., 1993) . DNMT1 mRNA and protein expression has been reported in proliferating spermatogonia, leptotene/zygotene spermatocytes and round spermatids (Trasler et al., 1992; Numata et al., 1994; Mertineit et al., 1998) . DNMT3A and DNMT3B are expressed during embryonic development and are essential for establishing new DNA methylation patterns. DNMT3L potentiates DNA methylation through its interaction with DNMT3A and DNMT3B (Trasler, 2009 ). DNMT3A has two variants: DNMT3A and DNMT3A2. DNMT3A is expressed at low levels and is located mainly in the heterochromatin, suggesting a housekeeping role. DNMT3A2, on the other hand, plays an important role in de novo methylation, but is rarely found in the adult testis (Lees-Murdock et al., 2005; La Salle and Trasler, 2006) . It has been shown that the DNMT3A protein is only expressed in stages IV -VII in type B spermatogonia and preleptotene spermatocytes (Watanabe et al., 2004) , while DNMT3A mRNA was also detected in round spermatids (La Salle and Trasler, 2006) . A deficiency of this enzyme disrupts spermatogenesis and prevents the methylation of imprinted genes (Kaneda et al., 2004) . DNMT3B was detected in type A spermatogonia, but a loss of this enzyme had no significant effect on spermatogenesis (Kato et al., 2007) . DNMT3L has no catalytic activity and is only expressed in the germ cells until shortly after birth (Bourc'his and Bestor, 2004) .
Histones are rich in arginine-and lysine-residues, which are subjected to post-translational modifications (acetylation, methylation, sulphonation, ubiquitination or sumoylation) (Berger, 2007) . It is assumed that histone acetylation is a preliminary step to the histoneprotamine exchange. Especially the acetylation of histone 4 lysines might be important, but the acetylation of histone 3 lysine 9 (H3K9ac) could also play a role. Protamine-DNA interaction results in chromatin condensation and is important for a correct differentiation of round spermatids into mature spermatozoa. A too early acetylation of histone 4 will cause a premature condensation of the nuclei and will consequently lead to infertility (Sonnack et al., 2002) . That histone acetylation plays an important role during spermatogenesis was also demonstrated by Hecht et al. (2009) . The acetylation pattern on histone 4 lysine 5 (H4K5), histone 4 lysine 8 (H4K8), histone 4 lysine 12 (H4K12) and histone 4 lysine 16 (H4K16) in infertile men (round spermatid arrest) was different from fertile men.
Histone methylation is the process where a methyl group is added to the amino acids arginine and lysine. Depending on which amino acid is methylated and the number of coupled methyl groups to the lysines, methylation leads to activation or inhibition of gene expression. Histone methylation is often found on histones H3K4, H3K9 and H4K20 (Berger, 2007) . Trimethylation of H3K4 was investigated during spermatogenesis by Godmann et al. (2007) . H3K4me3 only occurs in female fetal gonads and post-natal testes. H3K4me3 induces transcription and is important for the progression of the meiotic prophase. The preleptotene and zygotene spermatocytes were highly methylated, while the methylation level was lower in pachytene spermatocytes. Spermatogonia showed an intermediate methylation pattern. The inhibition of H3K4me3 results in reduced testis weight and sterility due to the absence of round and elongated spermatids (Hayashi et al., 2005) .
Although fertility is restored in mice having undergone SSCT, we have still observed lower sperm concentrations and sperm motility compared with fertile controls (Goossens et al., 2003 (Goossens et al., , 2008 . The digestion of the testicular fragments prior to transplantation may lie at the basis of this finding. During digestion, SSCs are disconnected from their stem cell niche. In the recipient, these cells have to find their way to the basement membrane and establish connections with the new micro-environment. We questioned whether this process has an influence on epigenetic modifications in germ cells.
In this study, a number of epigenetic modifications will be analyzed after SSCT and after TTG and compared with adult control mice. In the first part, the general methylation pattern will be investigated using 5-methylcytosine (5-MC) as well as the expression of DNMT1 and DNMT3A. In the second part, we will focus on histone modifications. H3K4me3 will be studied as this is important for meiotic progression. Acetylation of H3K9, H4K5, H4K8, H4K12 and H4K16 will be analyzed, as they are important for the histone-protamine exchange and the fertilizing potential of the spermatozoa.
Materials and Methods
Two different mouse models for transplantation were used in this study. For SSCT experiments, we opted for the genetically infertile W/W v strain as recipients, since these mice do not have endogenous spermatogenesis. However because of the reduced testis size, intratesticular tissue transplantation is difficult in this mouse strain. We therefore chose the green fluorescent protein (GFP)-model for TTG experiments. This allowed the easy visualization of the donor fragment in between tubules with endogenous spermatogenesis.
All experimental procedures were approved by the Animal Care and Use Committee at the Brussels Free University.
Spermatogonial stem cell transplantation
Donor cells were obtained from 5 to 7 day-old C57Bl × WBRej F1 mice (Jackson Labs, Bar Harbor, ME, USA). The testes were decapsulated and the testicular tissue was digested as previously described (Brinster and Avarbock, 1994) . Four-to-six week-old W/W v -mice, bred on the same genetic background, were used as recipients. Transplantation was performed through the efferent duct as previously described (Goossens et al., 2003) . Immediately after transplantation, animals were given an antibiotic [5% Baytril w (Bayer, Brussels, Belgium) in saline] at a dose of 100 ml s.c.
Intratesticular tissue grafting
The mice used in these experiments were bred according to the following breeding model: male C57BL inbred (Iffa Credo, Brussels, Belgium) × female SV129 inbred GFP + (gift from Whitehead Institute for Biomedical
Research, Cambridge, MA). In the latter strain, GFP is under the control of the b-actin promoter and is expressed in all cell types. Male GFP + F1
hybrids (5-to 7-day-old) were used as donors. Male GFP 2 F1 hybrids from the same breeding model were used as recipients. Recipient preparation was performed as described in Van Saen et al. (2009) . After removing the tunica albuginea, the donor testes were cut in two, using fine scissors. The resulting pieces, measuring 3 -4 mm 3 and weighing 10 mg were kept on ice in Dulbecco's modified Eagle's medium/F12 (31330-038; Invitrogen, Merelbeke, België) supplemented with 10% fetal bovine serum (10500-056; Invitrogen) until transplantation.
In each acceptor testis, one testicular tissue fragment was grafted through a fine incision in the tunica albuginea. A few tubules were surgically removed from the acceptor testis so as to create enough space to enable the insertion of the donor tissue. The incision was closed using nonabsorbable suture (U7003, 10-0; Eticon; Johnson & Johnson, New Brunswick, NJ).
Epigenetic modifications in germ cells
Histology Recipient testes were removed at least 4 months after transplantation (SSCT: n ¼ 13; TTG: n ¼ 13). Control testes were obtained from WBReJ/C57BL +/+ prepubertal (n ¼ 10) and adult mice (n ¼ 10) for SSCT; and from GFP + F1-hybrid prepubertal (n ¼ 8) and adult (n ¼ 8) mice for TTG. The tunica albuginea was removed and the testicular tissue was fixed in Bouin solution for at least 1 h. In mice that have undergone TTG, only the GFP + part was fixed. Fixed tissue was embedded in paraffin, and 5-mm thick sections were made.
Immunohistochemistry
The sections were deparaffinized in x-solvent (X-Solv; Yvsolab, Beerse, Belgium) for 10 min and rehydrated in a descending alcohol series. Sections were washed for 5 min in phosphate-buffered saline (PBS). For 5-MC (NA81, Calbiochem, Darmstadt, Germany) and H3K4me3 (ab8580, Abcam, Cambridge, UK), an antigen enhancement step preceded the 30 min-blocking of endogenous peroxidases. For DNMT1 (ab19905, IMGENEX, Huissen, Netherlands), DNMT3A (sc-20703, Santa Cruz, Heidelberg, Germany), H3K9ac (ab61231, Abcam), H4K5ac (ab51997, Abcam), H4K8ac (ab15823, Abcam), H4K12ac (ab1761, Abcam) and H4K16ac (ab61240, Abcam), the antigen retrieval step and blocking of endogenous peroxidases were done in reverse order. After each step, sections were washed in PBS for 5 min. Normal goat serum (NGS) was added to the sections for blocking non-specific binding. The specific primary antibodies were added and incubated overnight at 48C.
For the negative controls, PBS was added instead of primary antibody (Table I) . The next day, sections were washed three times with PBS after which the second antibody was added for one hour at room temperature. The sections were again washed three times with PBS. The visualization of the staining was done with DAB (Dako Envision Kit, K500711, Heverlee, Belgium). The preparations were immersed in PBS and counterstained with hematoxylin.
The sections were dehydrated in a mounting series of alcohol and finally in xylene. Acrytol mounting medium (100406; Labonord) was added before placing the cover slip.
Analysis of results and statistics
A series of consecutive histological sections was stained with the abovementioned antibodies. Each tubular cross section was scored for stage [according to Ventelä et al. (2002) ; Table II ] and antibody positivity in the different levels. For the control, 271 + 124 tubular cross sections were evaluated and 211 + 48 were evaluated for the SSCT condition. Testicular donor tissue obtained after TTG were smaller in size; 50 + 12 cross sections could be evaluated. For each spermatogenic stage, the localization of the epigenetic marker was reported as well as the percentage of the tubules in which the marker was expressed.
In prepubertal tissue, spermatogonia were identified as large cells with a round nucleus located at the basal membrane in between Sertoli cells with an irregularly shaped nucleus. The x 2 test was applied to compare data from transplanted mice with data from controls. The alpha-level was set at 0.05.
Results

Spermatogonial stem cell transplantation
DNMT1 and DNMT3A expression DNMT1 is a 'maintenance' DNA methyltransferase and is important in maintaining the methylation patterns after replication. Before puberty, DNMT1 was not detected in the testis (Fig. 1A) . At adult age and after SSCT, DNMT1 was expressed in pachytene and diplotene spermatocytes (stages VII -XII) and round spermatids (stages I -VIII) (Fig. 1B and C, Fig. 2 ). DNMT3A is a de novo methyltransferase that ensures the application of a new methylation pattern. This enzyme is already present in the testis before puberty. However, it is not expressed in germ cells, but in Sertoli cells and cells surrounding the seminiferous tubules (Fig. 1D) . In both the adult control and after transplantation, DNMT3A expression was only detected in spermatogonia and (pre)leptotene spermatocytes ( Fig. 1E and F, Fig. 2 ).
General methylation status
During embryonic development, demethylation takes place after which the methylation pattern has to be re-constructed. During prepubertal development, methylation is detected in the testis (Fig. 1G) . In adult control mice, methylation was observed in spermatogonia at stages I -IV and in preleptotene spermatocytes at stages VII -VIII. After SSCT, similar results were found, except for stages I -IV where no methylation was detected (P , 0.01). In both groups, a high number of round spermatids at stages IX-XI showed a positive signal for 5-MC ( Fig. 1H and I, Fig. 2 ).
Histone modifications
H3K4me3 plays an important role during the meiotic prophase. This modification is present in all spermatogonia, already before puberty.
In the adult, spermatogonia with H3K4me3 were observed in 54% of the tubules of stages I-IV. This percentage increases in Bspermatogonia and preleptotene spermatocytes during stages V-VII and decreases again in leptotene and zygotene spermatocytes during stages IX -XII. The round spermatids stained positive at all stages. 
Epigenetic modifications in germ cells
There was no significant difference between both groups (Fig. 3A-C,  Fig. 4 ). It is assumed that acetylation of H3K9 and of histone 4 lysines is unavoidable in the histone-protamine exchange. Acetylation of H3K9 was detected in prepubertal life, but in Sertoli cells, not in germ cells (Fig. 3D) . In the control group as well as after transplantation, H3K9ac is seen in spermatogonia and early spermatocytes in all stages. A small percentage of pachytene spermatocytes is acetylated on H3K9. Round spermatids are positively stained ( Fig. 3E and  F, Fig. 4) .
The acetylation of lysines 5, 8, 12 and 16 on histone 4 is important especially during the histone-protamine exchange in elongated spermatids. Already before puberty, spermatogonia are positive for H4K5ac, H4K8ac and H4K12ac, but Sertoli cells are more heavily stained. H4K16 is not yet acetylated (Fig. 3G , J, M and P). In the adult control, spermatogonia are stained for H4K5ac in 69% of the tubules in stages I-IV and in 36% in stages V-VI. All preleptotene spermatocytes were stained. Furthermore, H4K5ac is vastly detected in round and elongated spermatids at stages IX-XII. After transplantation, it is additionally found in late spermatocytes and round spermatids in stages I -VIII (P , 0.01). Since H4K5ac is particularly important in elongated spermatids, we may assume that the histone-protamine exchange will not be hampered after transplantation (Fig. 3H and I,  Fig. 4) . Concerning H4K8ac, a significant difference is seen during stages I-VIII between control and transplanted mice. In the control, spermatogonia of stages I -VI are stained in 30% of the tubules, while after SSCT, 60% are stained (P ¼ 0.01 for stages I -IV; P , 0.01 for stages V-VI). During stages VII -VIII, the percentage increases to 100% and then drops again. While in the control round spermatids are not stained in stages V-VIII, there is a signal after SSCT (P , 0.01 in stages V-VI and VII -VIII). However, the acetylation of elongated spermatids after transplantation is correct (Fig. 3K and L, Fig. 4) . A positive signal was found for H4K12ac in spermatogonia and early spermatocytes of stages I -VIII. In round spermatids, H4K12ac is observed in stages IX-XI. After transplantation, no differences were noticed ( Fig. 3N and O, Fig. 4 ). H4K16ac is detected in the adult control and after SSCT in spermatogonia and preleptotene spermatocytes of stages V-VIII. Round spermatids stain positive in stages IX-XI in both the adult control and after SSCT (Fig. 3Q and  R, Fig. 4 ).
Testicular tissue grafting
DNMT1 and DNMT3A expression DNMT1 is not expressed in prepubertal spermatogonia (Fig. 5A) . At the adult age, the enzyme is present in spermatocytes from stages VII to XI. Round spermatids stain positive in stages I -VIII. After TTG, DNMT1 protein could be detected for a longer time in spermatocytes and round spermatids (P , 0.05) (Fig. 5B and C, Fig. 6 ). 
Epigenetic modifications in germ cells
DNMT3A is already present in prepubertal life in Sertoli cells (Fig. 5D) . Later, it is only found in spermatogonia and (pre)leptotene spermatocytes of stages V-IX (Fig. 5E and F, Fig. 6 ).
General methylation status
In prepubertal life, methylated DNA could be detected in spermatogonia (Fig. 5G) . After puberty and after TTG, it is detected in spermatogonia and early spermatocytes of stages I -XI, in round spermatids of stages V-VI and in stages IX-XI ( Fig. 5H and I, Fig. 6 ).
Histone modifications
Trimethylation of H3K4 is found in prepubertal spermatogonia. Adult spermatogonia stain positive for H3K4me3 in 55% of the tubules of stages I -VI. The expression increases in preleptotene spermatocytes and decreases again in leptotene and zygotene spermatocytes. Round spermatids are stained in stages I -XI. After TTG, no significant differences were noticed (Fig. 7A -C, Fig. 8) .
During prepubertal life, H3K9, H4K5, H4K8 and H4K12 are acetylated in the testis (Fig. 7D , G, J and M). H4K16ac is not found in prepubertal spermatogonia (Fig. 7P) . In the adult, H3K9ac is found in spermatogonia, spermatocytes and in round spermatids. After transplantation, no significant differences are detected (Fig. 7E and F,  Fig. 8 ). H4K5ac remains in the spermatogonia and preleptotene spermatocytes of stages I -VIII and decreases during stages IX-XI. Spermatocytes and spermatids are again positive for H4K5ac. After transplantation, we found a significant difference for leptotene spermatocytes in stages IX (P , 0.01) (Fig. 7H and I, Fig. 8 ). H4K8ac is found in spermatogonia of stages I -IV. Its expression level drops during stages V-VI, and rises again in preleptotene spermatocytes. During stage IX, H4K8 is deacetylated. In spermatocytes of stages I -VI, as well as in spermatids, H4K8ac is present. After transplantation, the percentages differ slightly, but the differences are not significant (Fig. 7K and L, Fig. 8 ). H4K12ac is found in some spermatogonia of stages I -VI. Its detection rises in preleptotene spermatocytes. In addition, H4K12ac is detected in late round and elongated spermatids. No alterations were found after TTG (Fig. 7N and O,  Fig. 8 ). H4K16ac is present in spermatogonia, preleptotene spermatocytes and in late round and elongated spermatids. We could not detect stage XII tubules after TTG, but for the other stages, a similar pattern was seen (Fig. 7Q and R, Fig. 8 ).
Discussion
SSCT and TTG are promising strategies for fertility preservation in young cancer patients who have to undergo chemo-or radiotherapy, Epigenetic modifications in germ cells but also in patients with a haematological disorder awaiting bone marrow transplantation or in patients with a genetic defect such as Klinefelter's Syndrome or Yq deletions. Currently, both techniques are only performed experimentally. Before any clinical application is allowed, the safety of the transplantation procedure has to be assured.
We investigated epigenetic modifications during spermatogenesis in control mice and after SSCT and TTG. Since a correct stage-specific expression of the various modifications is important, we opted for an immunohistochemical analysis.
In a first phase, the overall methylation pattern and expression of DNMT1 and DNMT3A was studied.
In the prepubertal mouse, methylation was present in spermatogonia and at the adult age also in late round spermatids. It has been reported before that sperm cells are highly methylated (Reik et al., 2003) . When the methylation pattern after SSCT and TTG was compared with the respective control groups, no significant differences could be detected, except in the staining rates of spermatogonia after SSCT. Spermatocytes did not stain for 5-MC, although methylation is expected in these cells as well. However, during meiosis, DNA replicates and the methylation pattern of the daughter DNA strand has to be set. Therefore, the methylated DNA is 'diluted', possibly leading to an undetectable degree of methylation.
Several research groups have studied the expression of DNMT1 during spermatogenesis (Jue et al., 1995; Mertineit et al., 1998) . They reported that DNMT1 is expressed in spermatogonia, spermatocytes and spermatids. In the present study, DNMT1 was only expressed in spermatocytes and round spermatids. Its presence in spermatocytes and round spermatids can indicate that de novo methylation of imprinted genes occurs in this stage, or that DNMT1 has a function in DNA repair (Benoit and Trasler, 1994) .
In the present study, the de novo DNMT3A enzyme is not expressed in germ cells, but in Sertoli cells during prepubertal life. This is in agreement with the results of Sakai et al. (2004) . In the adult, we observed DNMT3A expression in B-spermatogonia and preleptotene spermatocytes, showing that these cells are undergoing active methylation. After transplantation, no significant abnormalities were found. These results were in agreement with the studies of Watanabe et al. (2004) and La Salle and Trasler (2006) .
In a second part of the study, we examined whether histones were correctly modified after transplantation. It was shown that trimethylation of H3K4 occurs in spermatogonia. It is absent in spermatocytes, but present in the subsequent stages of differentiation. Although the exact function of H3K4me3 is not yet known, it was speculated that it might play a role in the progression to meiotic prophase (Hayashi et al., 2005) . This can explain its presence in spermatogonia. Trimethylation of H3K4 in spermatids, however, might be necessary to restore double-strand breaks or might play a role during the differentiation process to spermatozoa (Godmann et al., 2007) . After transplantation, no significant differences were noted for H3K4me3.
During spermiogenesis, the nucleus becomes elongated and the chromatin has to condense. During this process, the histones are replaced by protamines. The exact mechanism leading to this exchange has not yet been elucidated, but a link might exist with the acetylation of histone 4 lysines (Hazzouri et al., 2000) . Apart Epigenetic modifications in germ cells from the acetylation of histone 4 lysines, the acetylation of H3K9 may play a role too (Delaval et al., 2007) . It is hypothesized that the acetylated histones in elongating spermatids are recognized by bromodomain proteins that facilitate the exchange (Govin et al., 2004) . Another possibility is that the acetylated histone lysines lead to the recruitment of histone chaperones, which in turn decouple histones and DNA and allow protamines to bind (Hazzouri et al., 2000) .
Already during prepubertal life, all studied histone acetylations, except H4K16, were present in the testis. Immature Sertoli cells were more heavily stained than spermatogonia, which is in agreement with the study by Zarnescu (2007) . Although after SSCT, H4K5ac and H4K8ac expression differed from controls, the acetylation of H4 was correct at the time when histones have to be exchanged for protamines. Although almost all modifications were detectable in round and early elongated spermatids, their presence in the most advanced elongating spermatids could not be shown. It is possible that these marks have been removed during spermiogenesis, but it is more likely that the condensed chromatin structure prevented their localization. Other techniques, such as Western blotting or ChIP-on-chip, might be employed to answer this question.
The disruption of SSCs from their niche might influence the establishment of a correct epigenetic pattern. For TTG, on the other hand, SSCs remain in their natural environment. Our results suggest that this technique might be a better option for fertility restoration in patients suffering from a non-malignant disease.
The relationship between epigenetic changes and spermatogenesis is still largely unknown. It is still unclear why some modifications occur only in certain stages and what role they play, e.g. H4 acetylation in spermatogonia and spermatocytes. It is therefore interesting to carry out fundamental research into the exact functions of these modifications and their influence on fertility.
This study focused on the DNA methylation and histone modifications in germ cells of mice after SSCT and TTG. In the future it is important to also analyze epigenetic modifications in the offspring. In this study, two different mouse strains were used because of practical reasons. Slight variations could be observed between the strains concerning DNA methylation and histone modifications, necessitating further research into epigenetic modifications during spermatogenesis in human tissue.
Even though we cannot find (epi)genetic alterations in the germ cells or offspring in animal studies, it still remains important to do follow-up studies in transplanted men and their children as is being currently done in ICSI-treated couples.
This study was performed on fresh samples, but in the clinic frozen -thawed samples will be transplanted. Studying epigenetics before freezing can rule out the influence of the transplantation procedure itself on epigenetic modifications. Of course, the freezing procedure might also affect the epigenetic mechanisms and studies should be undertaken to investigate this further.
In conclusion, we state that the present semi-quantitative study did not show major abnormalities on epigenetic level after TTG. It is important to further investigate the differences observed after SSCT and their influence on male infertility. Validation of the present results using specific quantitative methods, such as ChIP-on-chip, is warranted.
